The terminal transformation of chronic granulocytic leukaemia into a cytologically acute form, with an increasing proportion of nucleolated blast cells in the bone-marrow and peripheral blood and eventual development of a picture closely resembling that of acute leukaemia, is associated with cytochemical changes of a rather surprising kind. We have earlier drawn attention to some of these (Quaglino, 1961a; Hayhoe, 1963 ; Hayhoe et al., 1964) . Perhaps the most striking is an increase in the alkaline phosphatase content of mature polymorphs from the very low level almost invariably found in the chronic phase of the disease to a level within or above the normal range. This observation has been confirmed by others (Fischer et al., 1963) , and raises interesting questions in relation to the capacity of leucocyte alkaline phosphatase to provide a functional marker of activity in chromosome 21 (Alter et al., 1963) . Another unexpected cytochemical finding concerns the glycogen content of the primitive cells in blastic crisis, where the pattern has often proved to be coarser and more strongly positive than in the myeloblasts and promyelocytes present either in the chronic phase of the disease or in acute myeloid leukaemia.
Cytogenetic studies in the acute phase of chronic granulocytic leukaemia have not yet been reported in very large numbers, but a review by Court Brown and Tough (1963) gives some details of 13 cases studied by their own Edinburgh group, and refers to cases reported by Nowell and Hungerfotd (1961) and by Adams et al. (1961) . Hammouda (1963) has also briefly reported a case, described in more detail in the present paper, where the patient first presented in what seems likely to have been an acute phase of the disease. From these reports it is already clear that the cytogenetic pattern of cells in the stage of acute transformation often differs from the almost uniform pattern of chronic granulocytic leukaemia in the chronic phase, with its modal number of 46 chromosomes, one small acrocentric, probably of pair 21, being replaced by the characteristic minute Ph' chromosome. The differences vary, but usually involve the emergence of one or more additional abnormal cell lines, commonly Ph'+, but having either constant aneuploidy or diploidy with an abnormal karyotypic analysis probably resulting from deletions or translocations. Neither in acute crisis of chronic granulocytic leukaemia nor in originally acute leukaemias have the recorded abnormalities proved sufficiently uniform or consistent to allow a close identity of chromosomal disorder to be established between the cell lines of the former state and those of any subdivision of the latter, and it is not therefore possible to say as yet that the cells of blastic crisis cytogenetically resemble those of acute myeloblastic leukaemia rather than those of acute monocytic, lymphoblastic, or other form of acute leukaemia.
When cultures of leucocytes from the peripheral blood are used for chromosome studies in leukaemia, results compare more closely with those from direct cultures of bone-marrow cells when phytohaemagglutinin (P.H.A.) With all these considerations in mind we have carried out a combined study of cells from the blood or bone-marrow of patients during the blastic phase of chronic granulocytic leukaemia, using cytochemical, cytogenetic, and autoradiographic techniques, and now report the findings and discuss possible correlations between them.
Materials and Methods
Material for this study was drawn from four patients, three having undoubtedly acute transformation of chronic granulocytic leukaemia and the fourth probably so.
The cytochemical techniques used in this study consisted of an azo-dye method for alkaline phosphatase , the periodic-acid-Schiff (P.A.S.) reaction (McManus, 1946) , the Sudan black B reaction (Sheehan and Storey, 1947) , a modified Graham-Knoll peroxidase technique (Quaglino and Flemans, 1958) , the technique of Kaplan et al. (1954) for demonstrating siderotic granules, and methods for phosphorylases (Quaglino and Hayhoe, 1962) and for demonstrating succinic, alpha-glycerophosphate, and lactic dehydrogenases (Quaglino, 1961b) . Semi-quantitative scoring methods for leucocyte alkaline phosphatase, the P.A.S. reaction in blast cells and erythroblasts, and free iron in erythroblasts were as described by and Hayhoe (1959, 1960) .
Autoradiographic studies on nucleoprotein synthesis were carried out using tritiated thymidine (from the Radiochemical Centre, Amersham, England). Preparations were made from 1-ml. cell suspensions of heparinized peripheral blood, incubated for one hour with 0.1 ml. of tritiated thymidine diluted to an activity of 5/ic./ml. The smears were left in contact with Kodak AR10 stripping film for six days and after photographic processing were counterstained by May-Griinwald-Giemsa or P.A.S. techniques.
Cytogenetic studies were performed on the four cases by setting up peripheral blood cultures using a modification of the method described by Moorhead et a brief summary of the clinical history and of the more relevant haematological findings. Case 1 A 14-year-old girl was first diagnosed as suffering from chronic granulocytic leukaemia in March 1963. After several courses of radiotherapy to the spleen she was started en busulphan (2-6 mg. daily), which induced a partial remission. In October, because of the presence of increasing numbers of primitive cells (29%) despite continued treatment with busulphan, the regime was altered, and mercaptopurine (100 mg. daily) and prednisone (10-20 mg. daily) were given. A state of partial haematological and clinical control persisted (November 1963) .
Before the onset of acute transformation of the leukaemic process this patient had shown a low alkaline phosphatase score (0-3) in mature granulocytes and a negative P.A.S. reaction in blast cells.
;aemia-Hammouda et al. 5. Lactic dehydrogenase: tinge and moderately coarse granules (= + + positivity) in most blast cells.
6. Alpha-glycerophosphate dehydrogenase: tinge and fine granules (= + positivity) in all blast cells. 7. Phosphorylase reaction: most blast cells showed brown granular positivity. Normal reaction in polymorphs.
On 22 October studies with tritiated thymidine showed that 2 O<, of blast cells had marked thymidine uptake (+ + + +) and 1% low uptake (+) ; 15% of myelocytes and promyelocytes showed varying degrees of thymidine incorporation.
Cytogenetic studies on repeated blood cultures from this case at early and late phases of the disease gave results shown in Table I and Figs. 1 and 2.
Case 2
A 35-year-old man was first seen and diagnosed as having chronic granulocytic leukaemia in July 1963. Clinical examination revealed anaemia and an enlarged spleen. When first examined his haemoglobin was 8.7 g./100 ml. and his total white-cell count 198,000, with 10% blast cells and promyelocytes. Treatment with busulphan was started and response was initially satisfactory, but within two months the proportion of blast cells in the peripheral blood rose sharply and a bone-marrow aspirate showed clear evidence of acute transformation of the disease with over 80% primitive cells. Therapy was changed to mercaptopurine (150 mg. daily) and prednisone (40 mg. daily) and the patient was repeatedly transfused. After a fluctuating course with temporary phases of partial remission during the ensuing three months, rapid deterioration took place and he died on 11 November 1963.
Before treatment, cytochemical findings conformed to the pattern typical of chronic granulocytic leukaemia, with a negative alkaline phosphatase reaction in mature polymorphs and either a negative reaction or a diffuse tinge with or without fine granules in the primitive cells after P.A.S. staining.
On 29 September, when the white-cell count totalled 110,260, with 83% blast cells, cytochemistry was as follows:
1. Alkaline phosphatase score: 126. 3. P.A.S. score in blast cells: 141 (87% of blast cells showed fine, moderately coarse, or coarse granules and occasional blocks of P.A.S. positive material. Two types of blast cells were distinguished, a small one showing little or no P.A.S. positivity, and a larger primitive cell with varying degrees of granular P.A.S. positivity).
3. P.A.S. score in erythroblasts : 0 (100% negative). 4. Free iron score in erythroblasts : 90, with irregularly scattered granules (normal range 6-76).
5. Sudan black B reaction: blast cells were completely negative; promyelocytes and myelocytes showed normal positivity; mature granulocytes were strongly positive.
6. Peroxidase reaction: negative reaction in all blast cells; normal positivity in later granulocyte precursors and mature polymorphs.
7. Lactic dehydrogenase : most blast cells showed moderately coarse granules with some diffuse positivity (= + + positivity).
8. Alpha-glycerophosphate dehydrogenase: blast cells were either negative or showed only a faint cytoplasmic tinge (=+ positivity). Erythroblasts were weakly positive; promyelocytes and myelocytes showed numerous and moderately coarse granules; all mature granulocytes showed 5-10 cytoplasmic granules.
9. Phosphorylase reaction: brown granular positivity in most primitive cells. Cytogenetic studies carried out at various times during the illness revealed results summarized in Table II Autoradiographs on the peripheral blood initially presented the following pattern: 2.5 % blast cells showed high grain counts (+ + + +) and 5.5%0 low grain counts (+); 3% of promyelocytes and myelocytes showed varying degrees of uptake; 7.5 % erythroblasts also showed some uptake, 5.5 % having high grain counts Bams MEDCAL JOURNAL (+ + + +). There was thus an initial ratio of labelled granulocyte precursors to labelled erythroblasts of 11 to 7.5.
A second autoradiographic study after 24 hours' culture showed an increase in proportion of erythroblasts having uptake (Fig. 5) Case 3
A 39-year-old man was diagnosed as having chronic granulocytic leukaemia in December 1960, at which time his haemoglobin was 6.5 g., and white-cell count 386,000, with 7% blast cells. After a course of radiotherapy to the spleen, he was treated with busulphan, to which he showed a partial response. His condition remained more or less unchanged until March 1963, when he began to show increasing evidence of an acute transformation of his leukaemia. Chromosome studies on this patient, reported and illustrated by Hammouda (1963) , showed abnormalities as summarized in Table   IV irregular distribution (Biesele, 1958; Tough et al., 1960; Wahrman and Robinson, 1963) , whereas the cytogenetic changes reported here are of a more consistent character and a different kind.
Cytochemical Results
Confirmation of previous observations is given by the finding in all four cases of alkaline phosphatase scores well above the range usually found in chronic granulocytic leukaemia. The three undoubted cases of terminal transformation when previously examined had shown the characteristic low levels usually found in the chronic phase, while the fourth showed a progressive increase in the reaction from the initial figure of 28 to the final score of 160.
The second interesting and again confirmatory finding was the occurrence of moderately coarse and coarse granular P.A.S. positivity in primitive cells, which, prior to the onset of the blastic transformation, had shown in the first three cases a negative reaction or faint diffuse positivity with or without fine granules.
It is conceivable that a proportion of the more P.A.S. Similarly with the phosphorylase reaction, the absence of blue positivity, which expresses the activity of the enzyme in producing newly synthesized glycogen and is found in the myeloblasts in the chronic phase of the disease, suggests that this enzyme may also be decreased terminally.
Presumably as the disease progresses and the cells become more atypical and abnormal, enzymatic deficiencies and derangements take place and these are reflected in the cytochemical appearances described and may possibly be linked with the observed enhancement of chromosomal abnormalities in the terminal stages of the leukaemic process.
Cytogenetic Results
In three of the four cases reported here the acute phase of chronic granulocytic leukaemia was associated with the presence of further chromosomal abnormalities in addition to the persistence of the Ph' chromosome.
In Case 3, for example, continued to display a diploid Ph' + karyotype despite the rise in phosphatase score to well above normal limits, while in Case 2 the cell line believed from autoradiographic evidence to be granulocytic also remained diploid with a Ph' chromosome and no additional small acrocentrics. It is true that Case 1 showed a high proportion of cells with an extra small acrocentric, but we have already given reasons for believing that this may have resulted from a partial deletion in one of the 13-15 group of chromosomes, and would not therefore be expected to influence the leucocyte phosphatase level, which, in any case, showed a much less substantial rise in this patient than in the other three. The findings in Case 4 are even more difficult to explain on the gene hypothesis proposed, since the high leucocyte alkaline phosphatase score was associated with loss rather than gain of small acrocentric material, many diploid cells having two minute chromosomes resembling Ph', and all except 2 of the 16 cells with 47 chromosomes also having two Ph' chromosomes. The diploid cells thus appeared to have a further loss of small acrocentric D.N.A., and the hyperdiploid ones showed no increase over the morphological chromosome content of chronic granulocytic leukaemia cells apart from the second Ph'.
It is therefore clear that in the circumstances of the present study a sharp rise in leucocyte alkaline phosphatase content may occur without any associated increase in morphologically recognizable chromosome material atributable to the small acrocentric group and, indeed, without any obvious karyotypic change from the picture in the chronic phase of the disease. Any simple hypothesis directly relating the morphological defect of the Ph' chromosome to functional deficiency of leucocyte alkaline phosphatase would thus appear untenable.
Summary
Four cases of chronic granulocytic leukaemia in blastic crisis have been studied by cytochemical, autoradiographic, and cytogenetic methods.
Cytochemically all were characterized by rise in alkaline phosphatase levels in mature polymorphs, and by coarse P.A.S. positivity in the emerging blast cells.
Case 3 showed no chromosomal change from the typical picture of chronic, granulocytic leukaemia, but the remaining cases showed other features: Case 1 having a high proportion of cells with an extra small acrocentric but a loss of one large acrocentric; Case 2 having two separate cell lines, one diploid and the other with 50-54 chromosomes; and Case 4 having the frequent presence of two minute chromosomes resembling Ph' in a predominantly diploid picture. In addition to the abnormalities described, most cells from Cases 1 and 2 contained the Ph' chromosome, and many also showed a second minute acrocentric of similar appearance.
Despite the increase in leucocyte alkaline phosphatase, there was no apparent replacement of the Ph' defect in chromosome 21 either by a return to the normal complement of small acrocentrics or by the consistent appearance of extra small acrocentrics possibly supplementary to the 21 pair.
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